Introduction
Polychlorinated dibenzo-p-dioxins (PCDDs) have attracted public interests due to their toxicity and persistency.
1,2 A large quantity of PCDDs has been emitted into the atmosphere from various incineration sources of chlorinecontaining wastes, [3] [4] [5] [6] transported through a long distance, and distributed globally. [7] [8] [9] PCDDs have very low water solubility and accumulate in lipids of biological organisms.
Physical, chemical, and biological properties of PCDDs strongly depend on the number and position of substituted chlorines in general. In particular, it is widely recognized that the biological toxicities of PCDDs are extremely congener specific. 10, 11 Recently, Mhin et al. 12 have shown that the molecular quadrupole moments as a surrogate parameter for molecular charge distribution change sensitively and systematically with the chlorination pattern and that all toxic congeners share a unique charge distribution pattern. The ring vibrational IR frequencies of PCDDs are also very sensitive to the chlorination pattern. 13 Lee et al. 14 recently calculated the heat of formation for 75 PCDD congeners using a DFT method and demonstrated that the intramolecular chlorine repulsion energies critically affect their thermodynamic properties in a systematic way. While many other physicochemical properties of PCDDs are expected to be highly congener-specific, experimental data on PCDDs are scarce due to their toxicity and experimental difficulties in dealing with them. [15] [16] [17] Therefore, computational methods are ideal for predicting their properties and in other dioxinrelated research. [18] [19] [20] [21] Frontier orbitals and the gap energy between HOMO and LUMO can be employed to explain reactivities of PCDDs as well as their thermodynamic properties. 19, 22, 23 Koester et al. 19 reported MNDO calculation results for LUMO energies of PCDDs with the number of Cl ≥ 4. However, semi-empirical calculations on electronic properties such as an electron affinity are not reliable. Berkout et al. 24 reported that an electron attachment energy obtained from electron capture negative ion mass spectrometry was well correlated with the virtual orbital energy calculated at DFT level. In a previous study, 25 the electronic energy required for the transition from a neutral ground state to a lowest excited anionic state was assumed to be a vertical electronic affinity (VEA). They calculated VEA of 1368-TCDD, 2378-TCDD, and 1234-TCDD at the level of B3LYP/aug'-cc-pvdz to be 0.232, 0.152, and 0.116 eV, respectively. DFT calculation gave reasonable estimations for VEA.
In this work, we carried out DFT calculation to estimate VEA for all 75 PCDD congeners by using the calculated vertical electron affinities of highly symmetric congeners as references: dibenzo-p-dioxin (DD), 1,4,6,9-tetrachlorinated dibenzo-p-dioxin (1469-TCDD), 2,3,7,8-tetrachlorinated dibenzo-p-dioxin (2378-TCDD), and octachlorinated dibenzop-dioxin (OCDD). The calculated results show that monoand some dichlorinated dioxins have negative electron affinities while all other congeners with the number of Cl ≥ 3 have positive electron affinities.
Computational Methods
We have carried out DFT calculation using a Gaussian 98 * To whom correspondence should be addressed. E-mail: wchoi@ postech.ac.kr; mhin@mail.pcu.ac.kr suit of programs 26 for DD and 75 PCDDs at the B3LYP/6-31G** level to obtain their LUMO energies. Vertical electron affinities (VEA) were obtained for DD, 1469-TCDD, 2378-TCDD, OCDD (Scheme 1) based upon the calculation for the neutral and anionic species at the level of B3LYP/6-31G**, B3LYP/aug-cc-pvdz, and B3LYP/aug-cc-pvtz// B3LYP/6-31G**. VEA 25 was evaluated from eq 1:
where Eneutral is the total energy of neutral dioxin species at an optimized geometry and Eanion is the total energy of the corresponding dioxin anion calculated at the optimized geometry of the neutral species. DFT calculation for openshell systems such as the anionic species reduces spin contamination. 27, 28 MP2 level calculation was not performed due to spin contamination. In our calculation the S 2 value for anionic radical value is less than 0.76.
Results and Discussion
The total energies of neutral and anionic species for DD, 1469-TCDD, 2378-TCDD, and OCDD are calculated at the level of B3LYP/6-31G**, B3LYP/aug-cc-pvdz, and B3LYP/ aug-cc-pvtz//B3LYP/6-31G** are listed in Table 1 . Based on the total electronic energies of neutral and anionic dioxin species, VEA for the four D2h congeners are obtained from eq 1. The nuclear geometry of anions is assumed to be the same to that of neutral dioxin molecules. It was reported that VEA values calculated at the DFT level was reliable and consistent with experimental results: the previously reported VEA value of 1234-TCDD calculated at the B3LYP/aug'-ccpvdz level was 0.116 eV, 25 which is agreeable with the experimental value of 0.11 eV. 24 LUMO energies of DD and 75 PCDDs calculated at the B3LYP/6-31G** level are listed in Table 2 . LUMO energies calculated using different basis sets are compared in Figure  1 , which shows that they monotonously decrease with increasing the number of chlorines. DD has the highest LUMO energy and OCDD, the lowest among all. Electron affinity is proportional to negative LUMO energy. We obtain good linear correlations between LUMO and VEA at the B3LYP/6-31G** (R 2 = 0.9960), the B3LYP/aug-cc-pvdz, (R 2 = 0.9906) and B3LYP/aug-cc-pvtz//B3LYP/6-31G** (R 2 = 0.9664) level as shown in Figure 2 . LUMO and VEA at the B3LYP/6-31G**, B3LYP/aug-cc-pvdz, and B3LYP/aug-ccpvtz//B3LYP/6-31G** level can be related through eqs 2, 3, and 4, respectively.
VEA (B3LYP/6-31G**) = -1.953−38.211 ELUMO
VEA (B3LYP/aug-cc-pvdz) = -0.685−19.018 ELUMO (3) VEA (B3LYP/aug-cc-pvtz//B3LYP/6-31G**) = -0.623−19.099 ELUMO
We performed similar calculations at the level of B3LYP/ aug-cc-pvdz and B3LYP/aug-cc-pvtz//B3LYP/6-31G** for Scheme 1. Structure of four dioxin congeners with D2h symmetry for which the vertical electron affinities (VEA) were directly calculated in this work. Table 1 . VEA calculated at the B3LYP/6-31G** level are well correlated with VEA obtained at the B3LYP/ aug-cc-pvdz level and B3LYP/aug-cc-pvtz//B3LYP/6-31G** for D 2h congeners as shown in Figure 3 . The linear relation between these two VEA values can be represented by eq 5 and eq 6, respectively.
VEA (B3LYP/aug-cc-pvdz) = 0.286 + 0.493 VEA (B3LYP/6-31G**) (R 2 = 0.976)
VEA (B3LYP/aug-cc-pvtz//B3LYP/6-31G**) = 0.351 + 0.492 VEA (B3LYP/6-31G**) (R 2 = 0.940)
We estimate VEA values for all PCDD congeners by using eqs 5 and 6, which are also listed in Table 2 . The experimental electron attachment energies obtained from electron capture negative ion mass spectrometry were 0.11 and 0.2 eV for 1234-TCDD and 12378-PCDD, respectively, 24 which could be compared with the estimated electron affinities, VEA (1234-TCDD) = 0.178 eV and VEA (12378-PCDD) = 0.318 eV in Table 2 . Figure 4 shows the variation of the estimated VEA (B3LYP/aug-cc-pvtz//B3LYP/6-31G**) as a function of Cl numbers. VEA steadily increases with the number of chlorines. On the other hand, dioxin congeners with the same number of chlorines are all similar in their VEA values (i.e., no position effect). It is compared with the fact that molecular charge distribution and IR frequencies of dioxins are highly sensitive to the position of substituted chlorines. 12, 13 The difference between VEA (B3LYP/aug-ccpvdz) and VEA (B3LYP/6-31G**) in Table 1 Therefore, anionic forms of highly chlorinated congeners are energetically more stable than neutral species.
Molecules carrying higher EA could be more reactive under reductive conditions. The chemical and biological reactivities of highly chlorinated dioxin congeners in various environmental media should be dependent on the electron donating tendency of the surrounding media. [29] [30] [31] For example, the photolytic degradation of OCDD in organic solvent was markedly enhanced in the presence of triethylamine (TEA). 32 In photolytic degradation of halogenated aromatic compounds, 33, 34 TEA can play the role of an electron donor to form an excited charge-transfer complex upon photon absorption and induce the formation of anionic species. In general, excited anionic species as an intermediate could be involved in the photolytic degradation of PCDDs in reductive media. Therefore, the vertical electron affinities calculated in this work could be valuable in understanding the congener-specific reactivities of PCDDs and their fate in environmental media. 
